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ABSTRACT
The Madden-Julian Oscillation (MJO) is a highly air-sea coupled phenomenon and
is the dominant mode of intraseasonal variability in the tropics. It is easily discernible in
satellite-derived sea surface salinity (SSS), which varies as a direct result of MJO
precipitation from the convectively active to suppressed phases. Negative (positive) SSS
anomalies are associated with the active (suppressed) phase of the MJO. We find that all
three available satellite salinity missions (ESA’s Soil Moisture Ocean Salinity (SMOS);
NASA’s Aquarius/SAC-D, and NASA’s Soil Moisture Active Passive (SMAP)) are
capable of capturing the MJO SSS signal and that the near-equatorial SSS response is
enhanced when the combined active passive (CAP) processing algorithm is used.
Primary MJO events are those not preceded by MJO activity of sufficient strength
and their initiation is also a focus of this study. These rare events are isolated and specific
initiation mechanisms are debated; however, evidence exists for both the ocean and the
atmosphere as potentially coupled triggering forces over the Indian Ocean. Intraseasonal
signals of oceanic and atmospheric parameters were simultaneously examined in an
attempt to bridge the connection of possible primary MJO triggers. The western and central
Indian Ocean are shown to experience an increase in sea surface height (SSH) and absolute
dynamic topography (ADT), sea surface temperature (SST), and ocean heat content (OHC)
before peak atmospheric convection. SST warming destabilizes the lower troposphere.
Lower-tropospheric moisture flux convergence (MFC) moistens the lower troposphere
prior to MJO convection, which forces an increase in moist static energy

iv

(MSE) conducive to MJO convective growth. The moistening is coupled with mid- to
upper-tropospheric cooling, which further destabilizes the atmosphere such that the effects
of SST, SSH, OHC, MFC, and MSE synchronously precondition the Indian Ocean for MJO
convection. MJO convection is shown to be favored (suppressed) under negative (positive)
Indian Ocean Dipole (IOD) conditions across the eastern Indian Ocean. Similarly, MJO
convection is favored (suppressed) over the central and eastern Pacific under El Niño (La
Niña) conditions.
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Chapter 1
INTRODUCTION
The global tropics are affected in a variety of ways. One of the most popular forms
of tropical variability is that of the Madden-Julian Oscillation [MJO; Madden & Julian,
1971, 1972, 1994). The MJO was first discovered through the variability in zonal Pacific
Ocean winds [Madden & Julian, 1971] but can be characterized as an eastward propagating
band of enhanced and suppressed convection (Figure 1.1) at approximately 3-5 m/s
predominantly observed over the equatorial Indian and Pacific oceans [Zhang, 2005].
While the MJO is considered to be a primarily atmospheric phenomenon, the MJO can
easily be monitored and detected in atmospheric as well as oceanic parameters
simultaneously as a highly coupled air-sea event [Madden & Julian, 1971; Waliser et al.,
2005]. Despite being considered primarily atmospheric, model simulations have expressed
the importance of near-surface fluxes for MJO convection. As such, considering the ocean
in modeling efforts is crucial in understanding MJO development and propagation [Innes
et al., 2003; Innes & Slingo, 2003]. Stronger signals in sea surface temperature (SST), for
example, increase near-surface moisture availability that would actively contribute to
convective initiation [Arnold et al., 2013]. The MJO and its initiation may be impacted by
the ocean, but it also poses a significant impact on the ocean itself through surface
freshening. An increase in precipitation from the convectively active phase of the MJO will
decrease surface salinity, and vice versa.
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Formerly requiring complex grids of in situ methods, salinity proves quite difficult
in monitoring on a global, high-resolution scale. Argo floats, however, aided in expanding
global coverage [Gould et al., 2004] and were shown to detect subsurface MJO impacts
depending on the MJO phase [Matthews, 2010], but coverage remains spotty in many areas
still. Expanding upon in situ methods with the Simple Ocean Data Assimilation (SODA)
reanalysis has also proven effective at monitoring the MJO’s convective propagation
[Grunseich et al., 2011]. In situ methods remain globally not feasible and, as such, remote
sensing methods have become the dominant form of observing global, high-resolution
ocean parameters. Monitoring changes in SSS due to MJO precipitation provides for a
more comprehensive understanding of the effects that the MJO has, and satellite-derived
salinity has proven invaluable in expanding upon these monitoring efforts. Intraseasonal
variability associated with MJO precipitation has been observed in the Soil Moisture Ocean
Salinity [SMOS; Maes et al., 2013] from the European Space Agency (ESA) as well as the
Aquarius/SAC-D [Grunseich et al., 2013; Guan et al., 2014; Shinoda et al., 2013] and Soil
Moisture Active Passive [SMAP; Subrahmanyam et al., 2018] missions from the National
Aeronautics and Space Administration (NASA). Even high-resolution ocean models, such
as the HYbrid Coordinate Ocean Model [HYCOM; Li et al., 2015], have become more
comprehensive in monitoring of SSS anomalies induced by MJO precipitation. Distinct
MJO signals have also been detected in other satellite-derived means, such as altimetry
[Grunseich & Subrahmanyam, 2012; Trott & Subrahmanyam, 2019] and the tropical
rainfall measuring mission [TRMM; Morita et al., 2006].
Despite the detection capabilities by satellite-derived means, not every MJO event,
however, is the same. The strength and propagation of each event may differ from the next
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and, as such, distinct classifications of MJO events were coined. Successive MJO events
are those that are preceded by coherent MJO activity of sufficient strength, and primary
MJO events are similar but are not preceded by existing, coherent MJO activity [Matthews,
2008]. By definition, primary MJO events are rarer than their successive counterparts and
are thus more difficult to study. As such, attributing specific initiating mechanisms of
primary MJO events proves difficult [Matthews, 2008]. Signals have been observed in the
ocean [Webber et al., 2010, 2012] and the atmosphere [Maloney & Hartmann, 1998; Wang
et al., 2012; Zhao et al., 2013] as potential trigger mechanisms for the MJO. While
considered a primarily atmospheric event, the importance of the ocean in maintaining the
MJO has been established. Oceanic Rossby waves, for example, have already been shown
to contribute to MJO initiation by depressing the thermocline and increasing mixed-layer
depth and ocean heat content (Figure 1.2), which would act to kickstart convection [Oliver
& Thompson, 2010; Webber et al., 2010, 2012]. When considering the effects that the
ocean has on maintaining the MJO, it has been shown that high SST directly contributes to
increasing the modeling skill of the MJO by destabilizing the lower atmosphere conducive
to convective growth, thus confirming the importance of the role that the ocean plays in
the MJO [Woolnough et al., 2007].
Climate indices have also been shown to contribute to the MJO, specifically the El
Niño Southern Oscillation [ENSO; Hendon et al., 2007] and the Indian Ocean Dipole [IOD;
Webster et al., 1999; Wilson et al., 2013]. Positive SST anomalies associated with El Niño
and the negative IOD phase would act to constructively contribute to convective growth
over their respective region of influence, while the opposite would hold true for La Niña
and positive IOD phases. The strong air-sea coupling of the MJO makes it apparent that
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studying the MJO considering both the ocean and atmosphere be necessary. The work of
this thesis explores the strong air-sea coupling of the MJO while providing some insight
into satellite-derived methods as a valid analytical tool. Chapter 2 explores the effects that
the MJO poses on SSS while comparing satellite-derived salinity source products. Chapter
3 further considers air-sea coupling of the MJO by examining coupled intraseasonal signals
for factors contributing to MJO initiation, including the effects of ENSO and IOD phases
on MJO propagation over the Indian and Pacific oceans. Chapter 4 presents the overall
thesis conclusions and potential future works.
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Figure 1.1: The surface and upper-atmosphere structure of the MJO for a period when the
enhanced convective phase (thunderstorm cloud) is centered across the Indian Ocean and
the suppressed convective phase is centered over the west-central Pacific Ocean.
Horizontal arrows pointing left represent wind departures from average that are easterly,
and arrows pointing right represent wind departures from average that are westerly. The
entire system shifts eastward over time, eventually circling the globe and returning to its
point of origin [Climate.gov illustration by Fiona Martin].
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Figure 1.2: Hovmöller diagrams of anomalies of (a) OLR and (b) SSH (shading; see
legends) on relative longitude at lags −100 to +20 days relative to composite primary MJO
events. Note the discontinuity in the y-axis at lag −10 days. (c) Schematic of triggering
mechanism for primary MJO events, showing the relationships between the Rossby wave
(positive SSH anomalies in (a) and (b)), downwelling, thermocline depth and SSTs which
leads to the triggering of a primary MJO event, as shown by the negative OLR anomalies
in (a). [Webber et al., 2012].
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Chapter 2
MADDEN-JULIAN OSCILLATION-INDUCED SEA SURFACE SALINITY
VARIABILITY AS DETECTED IN SATELLITE DERIVED SALINITY1

1

Shoup, C. G., Subrahmanyam, B., & Roman-Stork, H. L. (2019). Madden-Julian
Oscillation-Induced Sea Surface Salinity Variability as Detected in Satellite Derived
Salinity. Geophysical Research Letters, 46, 9748-9756.
https://doi.org/10.1029/2019GL083694
An edited version of this paper was published by AGU
© 2019 by the American Geophysical Union.
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Abstract
As a dominant source of tropical variability, the Madden-Julian oscillation (MJO)
influences the ocean in many ways. One approach to observe the atmosphere-ocean
relationship is by examining sea surface salinity (SSS) due to direct freshening by MJO
precipitation. The convectively enhanced (suppressed) phase of the MJO is associated with
negative (positive) SSS anomalies that propagate eastward along the equatorial Indian and
Pacific oceans. In this study, primary MJO events are identified, and their SSS signatures
are compared for the first time across multiple satellite salinity products (The European
Space Agency’s Soil Moisture Ocean Salinity; the National Aeronautics and Space
Administration’s Aquarius and Soil Moisture Active Passive) from 2010 to 2017. While
all satellite missions are capable of detecting MJO signals and primary events on an
unprecedented observational scale, we find that the use of the combined active passive
algorithm increases signal robustness, with the strongest signal response in Soil Moisture
Active Passive and Soil Moisture Ocean Salinity (±0.2 psu) and the lowest in Aquarius
(±0.1 psu).
2.1 Introduction
The Madden‐Julian Oscillation (MJO) manifests as a dominant mode of tropical
variability, especially on intraseasonal time scales [Madden & Julian, 1971, 1972]. The
MJO can be described as an equatorially trapped phenomenon of alternating enhanced and
suppressed convection, which propagates eastward at approximately 3–5 m/s [Zhang,
2005]. The MJO is not, however, an atmospheric exclusive phenomenon, as significant
ocean impacts can be observed in temperature [Zhang, 2005], chlorophyll [Resplandy et
al., 2009], and sea surface salinity [SSS; Grunseich et al., 2013]. As a coupled air‐sea
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phenomenon, the MJO is easily observed in the ocean from its atmospheric component via
salinity given that an increase (decrease) in precipitation will decrease (increase) SSS.
When considered in coupled models, the ocean has been shown to constructively contribute
to MJO development simulations relative to atmosphere‐only runs [Inness et al., 2003;
Inness & Slingo, 2003], which supports the MJO as a product of coupled air‐sea interaction
as opposed to exclusively either an oceanic or atmospheric phenomenon [Madden & Julian,
1971; Waliser et al., 2005].
With respect to salinity, Argo floats paved the way for improved ocean studies by
expanding global observational coverage [Gould et al., 2004]. Consequently, MJO impacts
on Argo measured salinity were detected in the subsurface. These signals were shown to
be proportional to variability in precipitation minus evaporation (P‐E), which indicates if
the MJO is active or suppressed (Matthews et al., 2010]. The MJO has also been detected
in alternative salinity products, such as the Simple Ocean Data Assimilation (SODA)
reanalysis [Grunseich et al., 2011], as connected to the MJO convective structure.
In situ observations have become more spatially expansive, but achieving high‐
resolution global coverage remains a difficult objective to attain. As such, technology has
shifted toward remote sensing techniques as a global observational solution. In the past few
decades, the technological surgency of satellites paved the way for higher‐resolution
studies of parameters that once seemed inconceivable of monitoring on global scales, such
as salinity. SSS changes as a direct result of variability in freshwater exchange with the
atmosphere (P‐E), which becomes increasingly apparent as the convectively active phase
of the MJO propagates eastward across the equatorial Indian and Pacific oceans. River
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runoff modulates salinity but primarily in coastal regions as the water advectively diffuses
toward the open ocean [Vinayachandran et al., 2015].
Studying SSS variability during MJO propagation will allow for a better
understanding of air‐sea interaction associated with the MJO, especially due to
technological advancements of the past decades transitioning from spatially scarce in situ
methods to globally expansive, high spatiotemporal resolution satellite‐derived methods.
The MJO has been detected in satellite‐derived salinity from the European Space Agency's
Soil Moisture Ocean Salinity [SMOS; Maes et al., 2013], the National Aeronautics and
Space Administration (NASA)'s Aquarius/SAC‐D [Grunseich et al., 2013; Guan et al.,
2014; Shinoda et al., 2013], and NASA's Soil Moisture Active Passive [SMAP;
Subrahmanyam et al., 2018] missions. Similarly, comparisons of Aquarius/SAC‐D and
SSS output from the HYbrid Coordinate Ocean Model have shown that both can capture
near equatorial MJO‐induced SSS variability [Li et al., 2015].
Additional studies have examined the MJO's atmospheric component by
subdividing it into distinct categories based on signal propagation and strength. MJO events
were first categorized as primary and successive events by Matthews [2008]. Primary
MJOs are events that remain the most dominant but are not preceded by coherent MJO
activity while successive events are preceded by coherent MJO activity of sufficient
strength [Matthews, 2008]. MJO events were supplemented with an additional
intensification category, which are functionally similar to that of primary events defined
by Matthews [2008] but manifest as a coherent eastward propagating signal at below
sufficient strength that proceeds to develop into a stronger, more coherent MJO signal
[Straub, 2013].
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This study examines the impact of the MJO over the tropical Indian Ocean by
exploring the patterns observed during MJO propagation. We use multiple satellite salinity
products and processing algorithms in a bulk comparison over MJO time scales in order to
assess which satellite products capture the strongest MJO signals. We further identify
primary MJO events over the satellite salinity period (2010 through 2017) and examine
how the atmospheric primary MJO signal is reflected in satellite‐derived salinity. The data
and methods are outlined in section 2 with results and discussion in section 3. Section 4
presents the overall research conclusions and what remains for future studies.
2.2 Data
Being that the MJO is a coupled air‐sea phenomenon, it becomes increasingly
important to study it through oceanic and atmospheric parameters alike. As such, SSS
products from all available satellite‐derived missions are analyzed in this study. The oldest
of the satellite missions is the ESA's SMOS [Boutin et al., 2018; Font et al., 2010]. SMOS
Version 3.0 Level 3 data, processed by the Centre Aval de Traitement des Données SMOS,
are every 4 days on a 0.25° grid and available from 2010 to present. The next satellite
salinity mission to launch was Aquarius/SAC‐D with data available from 25 August 2011
to 7 June 2015. Aquarius Version 5.0 data are presented on a coarser grid of 1.0° at a 7‐
day repeat cycle [Lagerloef, 2012; Lagerloef et al., 1995, 2008]. The youngest of the
satellite salinity missions is NASA's SMAP [Entekhabi et al., 2010], where we use the
Version 4.2 Level 4 product processed by the Jet Propulsion Laboratory (JPL). The 70‐km
Version 3.0 Level 3 SMAP product from Remote Sensing Systems is also used. SMAP
data are presented on a daily 0.25° grid and available from 2015 to present. The utilization
of all satellite salinity missions will provide a complete comparative understanding of MJO
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detection capabilities while providing inferences into air‐sea interaction associated with
the MJO convective structure.
Satellites determine SSS by calculating the dielectric constant from the measured
brightness temperature, which is then converted to a salinity value through various
parameterization schemes to minimize the effects of signal attenuation [Klein & Swift,
1977]. One such parameterization scheme is the combined active passive (CAP) algorithm,
which attempts to minimize attenuation by enhancing corrections for attenuating factors
such as Faraday rotation, galactic reflection, and surface roughness induced by wind and
waves using active and passive sensors simultaneously [Meissner et al., 2018]. Of the three
satellite salinity missions, SMAP [Fore et al., 2016] and Aquarius [Yueh et al., 2014] have
salinity products with the CAP algorithm applied, and thus, CAP and non‐CAP products
are used. The Aquarius V5.0 product comes in daily CAP and 7‐day non‐CAP versions,
while the Remote Sensing Systems SMAP product is non‐CAP, and the Jet Propulsion
Laboratory SMAP product is CAP‐applied. SMOS is processed with its own set of
parameterization schemes but is not inherently referred to as having the CAP algorithm
applied.
In an atmospheric perspective, NOAA‐CPC's outgoing longwave radiation [OLR;
Liebmann & Smith, 1996] is utilized to detect MJO convection and is available daily from
1974 to 2018 on a 2.5° grid. OLR data are a proxy for convection and used to indicate
general MJO propagation patterns. Negative OLR anomalies are considered to be areas of
enhanced cloud cover due to increased vertical motion, which implies colder cloud top
temperatures. Through Stefan‐Boltzmann law, lower radiative signals are therefore
observed by satellites due to taller, colder clouds that would be associated with a
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convectively active MJO phase. Positive OLR anomalies are indicative of “warmer” cloud
top temperatures and thus decreased cloud cover and increased subsidence that would be
associated with a convectively suppressed MJO phase. The European Centre for Medium‐
Range Weather Forecasts's ERA‐Interim reanalysis [Berrisford et al., 2011] is examined,
which is available daily from 1979 to present on a 1.0° grid. Precipitation (P) and
evaporation (E) are the variables used from this product, where freshwater exchange with
the atmosphere (P‐E) can be used to infer changes in salinity associated with the alternating
convectively enhanced and suppressed MJO phases.
The Real‐Time Multivariate MJO index (RMMI) is distributed by the Australian
Government Bureau of Meteorology and is available from 1974 to present. Derived from
the methods outlined by Wheeler and Hendon [2004], Australian Government Bureau of
Meteorology's RMMI product provides insight into the relative strength and location of the
MJO through its eight phases as initially described with its discovery [Madden & Julian,
1971, 1972]. The RMMI is used to identify primary MJO events as categorized and defined
by Matthews [2008] but through methods outlined by Straub [2013]. Primary events must
not exhibit counterclockwise (eastward) propagation in the RMMI for a 1‐week period at
less than 1.0 amplitude but then proceed to increase above 1.0 and remain so for 1 week,
while propagating through a minimum of four consecutive MJO phases [Straub, 2013].
The first day that the RMMI amplitude increases to or above 1.0 defines initiation date and
phase [Straub, 2013]. A critical threshold amplitude of 0.8 was applied to mitigate rapid,
unrealistic changes in the post‐initiation MJO signal from below to above 1.0 [Matthews,
2008]. This critical amplitude was chosen as the amplitude within the RMMI where
coherent eastward propagating signals were still apparent while not permitting too weak of
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signals to be considered as developed MJO activity. Using a threshold amplitude assures
that neither component of the multivariate nature of the RMMI masks the effect of the other
in a manner such that coherent propagation is spuriously discounted due to temporary, on
order of a few days or less, decreases in amplitude but does not impact the initiation date.
The intraseasonal MJO signal was isolated by utilizing a 30‐ to 90‐day fourth‐order
Butterworth bandpass filter and was employed forward and backward in order to mitigate
edge effects. An MJO phase composite was constructed by averaging together the days in
which the RMMI was in each of the eight phases similar to that of Guan et al. [2014] but
for all amplitudes rather than exclusively those greater than 1.0. A primary MJO event
composite was constructed by filtering the profiles and then taking the initiation day as
Day 0 with a lead and lag of 30 days relative to initiation day, which allows pre‐initiation
and postinitiation conditions to be observed over the course of the events' development.
2.3 Results and Discussion
The primary time period of focus for this analysis is 2010 through 2017, as this
covers the immediate data availability with the most temporal overlap among satellite
salinity products with some of the stronger MJO signals to date. During this time period,
the stronger MJO signals are more notably observed during the boreal winter seasons of
2010, 2012, 2015, and 2017 regardless of region (Figures 2.1 and 2.S1 in the supporting
information) as peaks in MJO amplitude in indices such as the RMMI. The strongest MJO
signal observed over this time in the RMMI was recorded on 16 March 2015 at a peak of
4.62 over the central Pacific Ocean (Phase 7), which is the strongest peak signal of an MJO
event since 1985 at a peak amplitude of 4.02 [Hong et al., 2017].
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The MJO's characteristic eight‐phase structure can be observed as a transition from
convectively enhanced to suppressed phases in negative to positive OLR anomalies,
respectively [Figure 2.S2; Zhang, 2005]. The same eastward propagating convective signal
can be synchronously observed in precipitation, where negative OLR anomalies
correspond to positive P anomalies with similar spatiotemporal structure to that of P‐E
(Figure 2.S2). The structure of P‐E can drive changes in surface salinity due to direct
surface freshwater exchange. Positive (negative) P‐E would tend to decrease (increase)
salinity exhaustive of other SSS altering factors. The effects of MJO‐induced freshening
can be seen in the non‐CAP and CAP salinity products (Figure 2.1). All three satellites
exhibit an oscillatory pattern over 30‐ to 90‐day time periods, suggesting that the satellites
are able to capture the surface ocean response to MJO convective forcing. When examined
over MJO periods of 30– to 90 days, negative (positive) peaks of OLR correspond with
positive (negative) peaks of P‐E and negative (positive) SSS (Figures 2.1 and 2.S3).
The CAP‐applied products maintain consistent spatiotemporal location as their
non‐CAP counterparts in Figure 2.1 but increase in amplitude for a more robust SSS
response over MJO time scales. Notable differences between non‐CAP and CAP products
are more apparent in Aquarius, where the CAP algorithm greatly enhances the signal over
the central and eastern Indian Ocean relative to the western basin. The western Indian
Ocean does not have as strong of a signal difference between non‐CAP and CAP products.
The discrepancy between the Aquarius product responses can likely be attributed to the
enhanced near‐land radio‐frequency interference (RFI) parameterization from the CAP
algorithm and temporal sampling between the two. While SMAP‐CAP shows a general
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signal amplification relative to its non‐CAP counterpart, the difference is less apparent than
in Aquarius.
The signal amplification due to the CAP algorithm can be further observed in
Figure 2.2 as an increase in time series amplitude and continuous wavelet power of the 30‐
to 90‐day signal. This emphasizes the effect that the CAP algorithm has on improving MJO
signal strength while maintaining 30‐ to 90‐day periodicity. The SMOS signal remains the
highest overall in wavelet power and standard deviation of the 30‐ to 90‐ day signal, but
SMAP and Aquarius show improvement between non‐CAP and CAP versions. The
standard deviation of the filtered anomalies increases from non‐CAP to CAP product for
both Aquarius and SMAP, thus reinforcing that the CAP algorithm provides for a more
robust MJO signal in satellite‐derived salinity. The strongest overall 30‐ to 90‐day SSS
signals are from the SMOS and SMAP‐CAP products accordingly.
Figure 2.3 reinforces the eight‐phase structure of the MJO for CAP and SMOS
salinity products. Negative SSS anomalies are centralized around the western Indian Ocean
in Phase 1 and propagate eastward across the equatorial Indian Ocean through the eight
phases, exhibiting similar spatiotemporal propagation as OLR and P‐E patterns of Figure
2.S2. However, ocean dynamics (such as currents and upwelling) and wind forcing may
cause this relationship to deviate from an expected pattern [Guan et al., 2014; Li et al.,
2015]. Figure 2.3 also shows that Aquarius‐CAP is capable of capturing the broad eastward
propagating phase structure of the MJO similarly to Grunseich et al. [2013], Guan et al.
[2014], and Li et al. [2015]. SMOS and SMAP‐CAP follow this same conclusion and are
thus both capable of capturing the MJO's eastward propagating structure. While the general
near‐equatorial phase signals are similar (Figure 2.3), SMAP exhibits a much stronger SSS
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response than the other products in marginal seas, such as the South China Sea and Bay of
Bengal. In addition, the off‐equatorial signal near the southeastern Arabian Sea region
exhibits a stronger signal than the other products, which may suggest that SMAP is
overestimating the anomalies in these off‐equatorial regions relative to the other products.
Near‐equatorial phase lag of peak negative SSS anomalies (SSSA) and positive P‐E is
observed more notably in SMAP, suggesting that P‐E forcing is dominant but may not be
the only forcing factor when phase lag is not as evident [Guan et al., 2014].
The Aquarius products' signals remain the lowest in amplitude among the available
salinity satellites but spatially consistent with previous MJO studies on the order of ±0.1
psu [Grunseich et al., 2013; Li et al., 2015]. The oscillatory response of SMAP SSS to MJO
forcing is on the order of ±0.2 psu and consistent with Subrahmanyam et al. [2018]. SMOS
exhibits a similar response to SMAP at ±0.2 psu in the Hovmöller and spatial figures
(Figures 2.1 and 2.3).
Primary MJO events were identified over the 2010 through 2017 time period, with
emphasis on the strong MJO years of 2010, 2012, 2015, and 2017 previously shown, using
methods of MJO identification relative to the RMMI [Straub, 2013]. The initiation dates
(day 0) of primary events were used to produce a 30‐ to 90‐day filtered lagged time
composite of OLR and CAP SSS (Figure 2.4).
Overlapping, eastward propagating signals of negative OLR and negative SSS are
observed after the initiation of a primary MJO event in the SMAP and SMOS products
with the most apparent overlap observed beyond Day 0 (Figure 2.4). The Aquarius signal
becomes incoherent around 98°E due to resolution conflict with the Maritime Continent;
thus, post‐initiation signal is lost. The SMAP and SMOS products lack a clear sense of pre‐
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initiation eastward propagation that would be associated with well‐developed MJO events
while the OLR pattern is in the process of developing. The SSS signal subsequently
develops a stronger sense of eastward propagation after Day 0 that corresponds more
strongly with the primary OLR pattern beyond about 110°E. The post‐initiation
synchronicity of SMAP SSS to OLR is stronger than SMOS, suggesting a more robust
post‐initiation response to primary MJO forcing around and beyond the Maritime
Continent. The newest V3.0 release of SMOS has bridged the accuracy gap between it and
SMAP by increasing near‐land RFI parameterization and thus signal‐to‐noise ratio,
although interference still remains an issue [Boutin et al., 2018]. RFI parameterization has
also increased with the most recent V4.2 release of SMAP‐ CAP, which provided for more
realistic SSS field particularly where Aquarius could not [Tang et al., 2017]. This suggests
that SMAP‐CAP and SMOS are more effective at capturing primary MJO signals than
Aquarius‐CAP, although discrepancies may be attributable to near‐land noise
parameterization, temporal sampling, and the number of primary events over the lifetime
of the product.
SSS, however, will not instantaneously change due to oceanic diffusive properties,
thus future studies on lag of primary MJO events and SSS are warranted. The post‐initiation
signals of OLR and SSS in Figure 4 are relatively synchronous, albeit not perfectly. This
may suggest that more than one full MJO cycle may be required to force a significantly
noticeable SSS response [Grunseich et al., 2011]. Figure 1 supports this idea, as the first
primary MJO event of 2012 (20 January; Table 2.S1) was not immediately associated with
a synchronous SSS response but rather one that was temporally prominent toward the tail‐
end half of the event's life cycle leading into the next primary MJO event, suggesting that
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time had to pass before the SSS anomaly could prominently manifest. The composites for
each salinity satellite are, however, inherently not comprised of the same number of events
nor events of equal strength and timing due to data availability, but the relative pattern
remains the same. In addition, upper‐ocean ocean dynamics may play a role in causing
deviations in the expected MJO‐induced SSS response [Guan et al., 2014] and is thus an
important consideration for future works. Nevertheless, the parallels of MJO‐relative air‐
sea interactions are apparent, where satellites have been shown to not only capture the
broad scale MJO signal but also that of more isolated primary events, especially so in CAP‐
applied salinity products.
2.4 Conclusions
In this study, we compared how different satellite salinity products captured the
spatiotemporal structure of the MJO, finding that products from all current salinity
missions can capture a surface ocean response to MJO forcing. In addition, we showed that
the application of the CAP algorithm to NASA's Aquarius and SMAP products provided a
stronger SSS response, likely because CAP products are less smoothed and salinity fronts
stronger. This was further examined by comparing the CAP products to SMOS for
identified primary MJO events, finding that SMAP‐CAP captures primary‐MJO‐induced
SSS variability most robustly, particularly near land and the Maritime Continent, likely
resulting from improved near‐land RFI parameterization and an increased signal‐to‐noise
ratio. The improved spatiotemporal resolution of the SMAP product compared to the lower
spatial resolution of Aquarius and low temporal resolution of SMOS allowed it to more
adequately capture complicated SSS variations associated with MJO activity. As Aquarius
is unable to get close to the coastlines, tracking the salinity signal of the MJO over this
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region can prove difficult, but the spatiotemporal MJO structure is still evident and
consistent with prior studies. While we find that SMOS has the highest amplitude for MJO
events, SMOS and SMAP were comparable for primary events. The minimized land
contamination and higher temporal resolution in SMAP‐CAP, however, allows for more
robust signals, ultimately making it the better product at detecting primary MJO signals,
particularly around the Maritime Continent. The overall strongest 30‐ to 90‐day signals,
including that of primary events, are observed in the SMAP‐CAP and SMOS products on
the order of magnitude of ±0.2 psu, suggesting that these two products are more effective
at capturing isolated primary events and general MJO patterns and that the CAP algorithm
enhances signal robustness.
It is critically important to develop an enhanced understanding of how salinity and
the MJO are interrelated and how satellite products capture the MJO signal. As salinity is
directly affected by precipitation from convective events, it is the best way to monitor the
ocean response to these dominant, primarily atmospheric, events. Furthermore, SSS is
important to understand, as it is a component of sea surface height, and the latter cannot
adequately differentiate between sea surface temperature and SSS influences.
Consequently, SSS may pose an indirect role in MJO initiation via mixed‐layer dynamic
variability and increase in ocean heat content conducive to MJO initiation [Murtugudde &
Busalacchi, 1998; Woolnough et al., 2007]. Further studies are warranted to more
thoroughly examine the relationship between the MJO and salinity so that we might better
understand how the MJO develops and the influence it imposes on ocean processes so that
modeling and forecasting efforts may improve, especially pertaining to initiation
conditions.
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Table 2.S1: Dates of primary and intensification MJO event with approximate primary
event duration.

Year

2010

2012
2015

2017

Primary initiation
date

Primary event duration
(days)

18-Jan
10 Marcha
2 Octoberb
2 Decemberb
20 Januaryb
3-Jun
3-Mar
30-May
6-Dec
25 Aprilb

~30
~31
~19
~20
~97
~44
~36
~53
~48
~23

8 Octoberb

~29

26 November

b

Intensification
initiation date

26 Aprilc

7-Aug
--

17-Jan

~110

a

One week prior to the similar primary initiation date identified by Straub [2013].
Requirements for primary initiation fulfilled but duration outside of standard 30 – 90day MJO periods. cSimilar event identified by Straub [2013].
b
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Figure 2.1: Time-longitude Hovmöller plot of 30- to 90-day bandpass filtered non-CAP
and CAP sea surface salinity (psu) products latitudinally averaged over 5°S to 5°N. CAP
= combined active passive; SMOS = Soil Moisture Ocean Salinity; SMAP = Soil Moisture
Active Passive.
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Figure 2.S1: (top) RMMI phase diagram and (bottom) amplitude time series for 2010
through 2017. MJO signals with amplitudes less than 1.0 are weak and lie within the center
unit circle in the phase diagram and blue in the amplitude time series.
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Figure 2.S2: MJO phase composite anomalies of OLR (left; W m-2), precipitation (P;
middle; mm day-1), and P – E (right; mm day-1) for 2010 through 2017. Phase numbers are
indicated between subplot panels.
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Figure 2.S3: 30 – 90-day bandpass filtered, box averaged time series (5°S - 5°N, 40°E 100°E) for (a) OLR (Wm-2; red), (b) precipitation (mm day-1; green), P – E (mm day-1;
purple), and E (right axis; mm day-1; orange), and (c) SMOS (psu; blue), Aquarius CAP
(psu; black), and SMAP CAP (psu; green) SSS.
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Figure 2.2: (a-e) 40-100°E, 5°S to 5°N box averaged Sea Surface Salinity Anomaly
(SSSA) (psu); (f-j) 30- to 90-day filtered of a-e (psu); (k-o) continuous wavelet transform
of the sea surface salinity signals. White dashed lines represent the 30- and 90-day periods;
white solid line denotes the cone of influence. April (A) and October (O) are indicated for
each year. CAP = combined active passive; SMOS = Soil Moisture Ocean Salinity; SMAP
= Soil Moisture Active Passive.
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Figure 2.3: (a) 2010 through 2017 phase composite anomalies of SMOS (left), Aquarius
(middle; combined active passive), and SMAP (right; combined active passive) SSSA
(psu); (b) box average SSSA for each product in (a) and P-E (red, dashed). Madden-Julian
oscillation phase numbers are indicated between panels. The black box in (a) denotes 5°S
to 5°N, 40-100°E box average taken as in Figure 2.2 and (b). SMOS = Soil Moisture Ocean
Salinity; SMAP = Soil Moisture Active Passive.
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Figure 2.4: Time-lag composite of 30- to 90-day bandpass filtered (latitudinally averaged
over 5°S to 5°N) primary MJO events for (a) OLR (W/m2), (b) Aquarius-combined active
passive, (c) SMAP-combined active passive, and (d) SMOS sea surface salinity (psu). The
dashed black line denotes initiation day. MJO = Madden-Julian Oscillation; OLR =
outgoing longwave radiation; SMOS = Soil Moisture Ocean Salinity; SMAP = Soil
Moisture Active Passive.
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Figure 2.S4: 30 – 90-day bandpass filtered, box averaged time series (5°S - 5°N, 40°E 100°E) of (a) SMOS, (b) SMAP and (c) Aquarius salinity products, where non-CAP
products are indicated in blue and CAP products in black. The difference between CAP
and non-CAP products is indicated in red, where the SMOS product is non-CAP and thus
no comparison is made.
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Chapter 3
ANALYSIS OF COUPLED OCEANIC AND ATMOSPHERIC PRECONDITIONING FOR
PRIMARY MADDEN-JULIAN OSCILLATION EVENTS2

2

Shoup, C. G., Roman-Stork, H. L., & Subrahmanyam, B. (2020). Analysis of Coupled Oceanic and
Atmospheric Preconditioning for Primary Madden-Julian Oscillation Events. Journal of Geophysical
Research: Atmospheres. (submitted).
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Abstract
The Madden-Julian Oscillation (MJO) is the dominant mode of air-sea interaction
over intraseasonal timescales. The effects of the MJO are well understood, but the initiation
of the MJO remains less conclusive. Primary MJO events are those not immediately
preceded by existing MJO activity of sufficient strength. As they are rare by definition,
primary MJOs remain difficult to study, especially so when observations of events are
scarce and of low spatiotemporal resolution. Satellites allow for more expansive
observations to be made more frequently than in-situ methods, thus improving the
observational capabilities of pre-primary MJO conditions in the ocean and atmosphere. We
examined oceanic and atmospheric intraseasonal signals preceding two primary MJO
events in an attempt to bridge the connection between oceanic and atmospheric
observations as potentially coupled trigger mechanisms. Satellite observations and model
simulations of the central and western Indian Ocean show that intraseasonal peaks in sea
surface height (SSH), sea surface temperature (SST), and ocean heat content (OHC) exist
from one to two weeks prior to the observed outgoing longwave radiation (OLR) minimum.
Surface ocean warming moistens the near surface layer through anomalous surface fluxes,
which destabilizes the lower atmosphere to deep convection. Low level moisture flux
convergence (MFC) further moistens the lower atmosphere prior to convective initiation,
thus forcing an increase of total column moist static energy (MSE). Simultaneous midtropospheric cooling is observed, thus further destabilizing the atmosphere. Combined
observations of oceanic and atmospheric parameters prime the Indian Ocean for convective
initiation.
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3.1 Introduction
The tropical oceans experience strong variability patterns, especially over
intraseasonal timescales. The most dominant form of tropical intraseasonal variability is
that of the Madden-Julian Oscillation [MJO; Madden & Julian, 1971, 1972, 1994]. The
MJO is characterized and observed as an eastward propagating band of high and low
convective activity that typically propagates at 3-5 m/s across the equatorial Indian and
Pacific oceans, although its effects can be observed on global scales [Zhang, 2005].
Although the MJO was initially detected in the zonal Pacific wind [Madden & Julian, 1971]
and considered to be a primarily atmospheric phenomenon, the MJO can be monitored and
detected in oceanic and atmospheric parameters simultaneously as a coupled air-sea event.
Model simulations have expressed the importance of near surface fluxes in modulating
MJO convection and propagation, suggesting that accurate MJO prediction requires that
the ocean be considered in forecasts [Innes et al., 2003; Innes & Slingo, 2003], especially
when sea surface temperature (SST) is high and able to actively contribute to MJO
convective initiation by increasing moisture availability [Arnold et al., 2013].
As such, it is increasingly important to monitor the ocean and atmosphere such that
neither is discounted. Where observations were once scarce and of low resolution, satellites
have improved the observational capabilities of the MJO. Improved parameterization
techniques have enhanced the observed intraseasonal MJO response, especially in sea
surface salinity [SSS; Grunseich et al., 2013; Shoup et al., 2019]. Satellites have also paved
the way to study the intraseasonal oscillations in new ways, such as through satellitederived altimetry [Grunseich & Subrahmanyam, 2012; Trott & Subrahmanyam, 2019]. In
addition, the zonal structure and propagation of the MJO has been studied using satellite-
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derived rainfall from the tropical rainfall measuring mission [TRMM; Morita et al., 2006],
which further indicates the capabilities of satellites to accurately capture MJO propagation.
Modeling and forecasting efforts of the MJO will improve with technology as well.
Satellites have already proven groundbreaking at expanding global observations in a
variety of areas. The advancement of satellite and remote sending methods can only seek
to enhance our current understanding and hopefully pave the way for the future.
Subdividing the MJO into primary and successive categories, based on propagation
and strength, has proven invaluable in examining possible trigger mechanisms for MJO
convection [Matthews, 2008]. Successive MJO events are those that are preceded by
sufficiently strong, coherent, pre-existing MJO activity while primary MJOs are those not
following a period of coherent, pre-existing MJO activity [Matthews, 2008]. Although the
MJO primarily initiates over the equatorial Indian Ocean [Webber et al., 2010, 2012;
Straub, 2013], specific initiation mechanisms for initiating the MJO are less conclusive
[Matthews, 2008]. By definition, these primary MJO events are more uncommon than their
successive counterparts and are inherently more difficult to pinpoint specific triggering
mechanisms in a conclusive manner.
Despite being a highly researched topic, the MJO is still not fully understood. MJO
initiation remains a subject of debate, as triggers have been proposed in both the
atmosphere [Maloney & Hartmann, 1998; Wang et al., 2012; Zhao et al., 2013] and ocean
[Webber et al., 2010, 2012] with substantial supporting evidence. From an oceanic
perspective, Rossby waves have been shown to influence the initiation of MJO events by
depressing the thermocline and thus increasing SST attributable to convective initiation
[Oliver & Thompson, 2010], especially so for low-frequency primary events [Webber et
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al., 2010, 2012]. Additionally, it has been shown that air-sea interaction relative to MJO
convection is stronger at lower frequencies over the Indian Ocean [Izumo et al., 2010].
When SST is considered, model skill is improved and thus coupled air-sea processes are
important to the propagation, and possibly growth, of the MJO [Woolnough et al., 2007].
High SST acts to destabilize the lower atmosphere via anomalous surface fluxes, thus
conditioning the lower atmosphere for convective growth. Evidence suggests that
atmospheric boundary layer moisture convergence aids in the growth and propagation of
the MJO by effectively refreshing atmospheric moisture availability that was depleted by
the preceding convective period [Maloney & Hartmann, 1998], which further primes the
Indian Ocean region for convective initiation to commence relative to the MJO. The
atmosphere has been shown to experience an intraseasonal increase in moist static energy
(MSE) before an MJO event has reached a region with an abrupt discharge of MSE after
and during the event’s passing, suggesting that MSE can be used as a precursor signal for
MJO initiation [Maloney, 2009]. In addition, MSE has been shown to be directly affected
by increases in SST, further supporting the MJO and its initiation as a coupled air-sea
phenomenon [Arnold et al., 2013]. Spatial variability of SST has shown that the MJO
geographically prefers high SST zones and its propagation speed therein [Lau & Shen,
1988].
Relationships to climate indices, such as the Indian Ocean Dipole (IOD) and the El
Niño Southern Oscillation (ENSO), have been observed with the MJO. A negative IOD
event is when the eastern Indian Ocean is anomalously warmer than in the west due to
enhanced surface westerlies focusing warm waters off the western Australian coast
[Webster et al., 1999; Saji et al., 1999]. Convective activity would be therefore supported
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over the eastern Indian Ocean and Maritime Continent regions during a negative IOD rather
than positive due to the anomalous warm surface waters [Webster et al., 1999; Wilson et
al., 2013]. The opposite case would hold true for positive IOD events. Although primarily
focused over the Pacific Ocean, ENSO and the MJO have been shown to be very strongly
interrelated [Hendon et al., 2007]. ENSO activity can be influenced by the MJO through
anomalous westerlies associated with the MJO’s eastward propagation, which excite
Kelvin waves that, through their associated currents, propagate warm water to the central
and eastern Pacific Ocean [Tang & Yu, 2007]. La Niña conditions exhibit anomalously
warmer waters in the western Pacific in the Indo-Pacific Warm Pool, which would tend to
support convective growth over this region [Moon et al., 2011]. Conversely, El Niño
exhibits a pattern of warmer waters over the central and eastern Pacific, which would tend
to aid in convective growth further over the Pacific where the MJO typically begins to
decay and could enhance MJO activity over and near North America [Moon et al., 2011].
Strong air-sea coupling is associated with the MJO; thus, it becomes increasingly
important to analyze ocean parameters in conjunction with the atmosphere so that a
complete, holistic view of precursor MJO initiation conditions is considered. This study
examines oceanic and atmospheric intraseasonal signals simultaneously to bridge the
connection between ocean and atmosphere for primary MJO events to identify key
similarities among primary MJO event precursor signals that may be smoothed out in
composites. As the MJO is strongly coupled, it is important to examine both the ocean and
atmosphere simultaneously with regard to initiation conditions. Two case studies of
primary MJO events are presented on 29 September 2010 during a La Niña and 12 February
2015 during an El Niño. The data and methods used in this paper are outlined in section 2.
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Section 3 presents the research results and pertinent discussion of two case study primary
MJO events. Section 5 discusses overall conclusions presented in this study and what
remains for future works.
3.2 Data and Methods
3.2.1 Atmospheric Data
The atmospheric data utilized in this study is the European Center for Medium
Range Forecasts (ECMWF)’s ERA5 reanalysis product. ERA5 is comprised of hourly data
over 37 vertical pressure levels on a 0.25° horizontal grid and is available from 1979
through present [Hersbach et al., 2019]. Although many distinct variables are available in
the ERA5, temperature (T), specific humidity (q), and horizontal (zonal, u; meridional, v)
winds are used for studying precursor MJO initiation conditions over the equatorial Indian
Ocean. The ERA5 is the successor to the discontinued ERA-Interim, which has been used
previously and shown reliable at monitoring the MJO and its moisture budget [Sobel et al.,
2014]. To observe the convective signal of the MJO, National Oceanic and Atmospheric
Administration Climate Prediction Center (NOAA-CPC)’s outgoing longwave radiation
[OLR; Liebmann & Smith, 1996] is used. The OLR data are presented on a daily 2.5º grid
and available from 1974 through 2018. NOAA-CPC’s OLR has been shown to accurately
capture the spatiotemporal propagation of the MJO’s eight phases [Hendon et al., 2007;
Shoup et al., 2019].
3.2.2 Oceanic Data
Signatures of MJO initiation relative to the ocean are examined in multiple ocean
parameters. Sea surface height (SSH), sea surface temperature (SST), and vertically
integrated ocean heat content (OHC) from NOAA’s Climate Forecast System reanalysis
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(CFSR) are examined. The CFSR data are on a daily 0.5° horizontal grid and available
from 1979 through March of 2011, although the operational analysis extends to present
[Saha et al., 2010]. The CFSR has been used previously to study tropical intraseasonal
precipitation [Wang et al., 2012] and is thus appropriate for studies over intraseasonal
timescales. SST from the Advanced Very High Resolution Radiometer (AVHRR) is also
used for comparison purposes. The AVHRR optimally interpolated (OI) SST V2 High
Resolution product, provided by NOAA, is presented on a daily 0.25° grid and available
from September 1981 through present [Reynolds et al., 2007]. Previous studies have used
AVHRR SST in the Indian Ocean to study intraseasonal oscillations thus proving its
reliability [Roman-Stork et al., 2019]. Since the AVHRR OI SST product has cloud
contamination, the Group for High Resolution Sea Surface Temperature (GHRSST) Level
4 product is also used when available for comparison purposes. GHRSST SST is on a daily
0.2° grid September 1991 through 18 March 2017 [Chao et al., 2009]. MJO-related
precipitation has been previously linked with SST from GHRSST [Carbone & Li, 2015]
thus supporting its viability. Blended altimetric absolute dynamic topography (ADT) from
the Copernicus Marine Environment Monitoring Service [CMEMS, marine.copernicus.eu]
is also used and is provided on a daily 0.25° grid available from 1993 through 2018 [Ducet
et al., 2000; Le Traon et al., 1998]. ADT from satellite altimetry is functionally similar to
that of model-derived SSH. The CMEMS global ocean eddy-resolving reanalysis
(GLORYS12V1), presented on a daily 1/12th° grid over 50 depth layers, is also used where
the CFSR is not temporally available and is available from 1993 through 2018.
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3.2.3 MJO and Climate Indices
The MJO has can be examined through the use of empirical indices. One such index
is the Real-Time Multivariate MJO Index (RMMI), which utilizes synchronous circulation
and convective signals [Wheeler & Hendon, 2004]. The RMMI used for the purposes of
this study is provided by the Australian Government Bureau of Meteorology (AGBoM).
The AGBoM’s RMMI product, calculated using the methods of Wheeler & Hendon
[2004], is available in daily format from 1974 through present and provides daily MJO
amplitude, phase number, and RMM components (RMM1 and RMM2). Other indices,
such as the OLR MJO Index (OMI), have also been employed to study MJO convective
spatiotemporal evolution [Kiladis et al., 2014]. Given the focus of this study is precursor
signals relative to MJO convective initiation, we utilize both the RMMI and OMI when
considering primary MJO events while focusing primarily on the OMI phase signals. The
RMMI has been used to identify primary MJO events previously [i.e. Straub, 2013 and
Shoup et al., 2019], but the OMI is better suited for the study of the evolution of individual
MJO events [Kiladis et al., 2014] and will thus be focused upon as the index of choice in
this study.
In addition to the RMMI and OMI MJO indices, this study also employs the
Oceanic Niño Index (ONI), which is based on 3-month running means of SST anomalies
in the Niño 3.4 region (5°S-5°N, 120°-170°W) to describe the El Niño Southern Oscillation
(ENSO). ONI values exceeding ±0.5°C indicate the presence of an El Niño (warm phase)
and La Niña (cold phase), respectively. The final index being used is the Dipole Mode
Index (DMI) to describe the Indian Ocean Dipole [DMI; Saji et al.,1999]. The DMI is
calculated as the anomalous gradient between a western (10°S-10°N, 50-70°E) and eastern
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(10°S-Eq., 90-110°E) Indian Ocean box averaged SST anomalies (SSTA). The DMI in this
study was manually calculated in daily format from September 1981 through 2018 using
AVHRR OI SST V2. A positive (negative) IOD event is present when the western (eastern)
Indian Ocean anomaly exceeds the eastern (western) by greater than 1 temporal standard
deviation [Wilson et al., 2013].
3.2.4 Methods
The identification of primary MJO events is done in a similar manner to that of
Matthews [2008] using OLR and MJO indices as a reference for detection capabilities. By
observing the spatiotemporal evolution of the OLR signal, convective peaks can be
observed over the Indian Ocean as a transition from positive to negative OLR anomalies.
If the convective peak is not preceded by coherent eastward propagating low OLR then the
event is said to be a primary MJO [Matthews, 2008].
To examine the moisture profile conducive to MJO initiation, moisture flux
convergence (MFC) is calculated by using the ERA5 variables. Horizontal MFC is derived
from water vapor conservation budget, expressed as Dq/Dt = S, where S represents sources
and sinks of atmospheric water vapor [Banacos et al., 2004], which is shown as
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Specific humidity is represented by q, and omega (𝜔) is the vertical velocity in pressure
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The first two terms in (3) (−𝑢 !' − 𝑣 !() represent moisture advection; the second set of
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7) denotes moisture transport due to horizontal convergence of

mass.
The transfer of moisture into and out of a system also alters the vertical distribution
of moist static energy [MSE; Neelin & Held, 1987]. MSE can be used to diagnose if a given
region in the atmosphere is conducive to instability relative to convective initiation and is
expressed as
𝑀𝑆𝐸 = 𝐶&% 𝑇 + 𝑔𝑧 + 𝐿* 𝑞,

(4)

where 𝐶&% is the specific heat capacity of dry air at constant pressure, 𝐿* is the latent heat
of vaporization of water at 0°C, and g is the gravitational acceleration constant. The first
term represents the thermal energy within an air parcel, and the third term represents the
latent heat energy within that same parcel if all available moisture were to instantaneously
condense out. The second term (gz) represents parcel potential energy (geopotential) at a
given altitude, which combines with the first term to the equivalent of dry static energy
(𝐶&% 𝑇 + 𝑔𝑧), although the focus in this study is MSE which accounts for total parcel
moisture. To examine the full atmospheric profile, MSE can be vertically integrated and
mass weighted between two layers, which can be expressed in integral form as
+ -!
∫ 𝑀𝑆𝐸(𝑃)
, -"

𝑑𝑃 .

(5)

PL denotes the pressure at the lower-level (the higher-pressure value) and Pu the upperlevel (the lower-pressure value) of the layer. MSE(P) indicates the MSE at a given pressure
level P, and dP is the pressure difference between the lower and upper levels in pascals
(pa).
The MJO is typically observed over 30- to 90-day periods but has been observed at
a broader range of 20- to 100-days. As such, a 4th-order Butterworth bandpass filter across
40

the 20- to 100-day period, similarly to that of Matthews [2008], is used. The filter is further
applied forward and backward through time to mitigate possible edge effects. This filter is
applied to oceanic and atmospheric parameters simultaneously to observe coupled air-sea
effects interaction MJO timescales and diagnose possible concurrent trigger mechanisms.
Anomalies are calculated by removing the annual mean. Two case study primary MJO
events are examined on 29 September 2010 and 12 February 2015 and their relative oceanic
and atmospheric signals preconditioning peak convection compared.
3.3 Results and Discussion
3.3.1 Primary MJO Convective Signals
In order to compare precursor signals, primary MJO events were first identified in
the intraseasonal OLR signal and MJO indices. Using methods similar to Matthews [2008],
the first of the two events was identified to initiate over the Indian Ocean on 29 September
2010. The second case study primary event initiating over the Indian Ocean was identified
on 12 February 2015, exhibiting similar spatial evolution to that of the 2010 primary MJO
event. The development of the 2010 primary MJO convective signal can be observed
through the generation of negative OLR anomalies, which are indicative of strong, deep
cloud formation associated with the MJO. No coherent pattern of eastward propagating
negative OLR anomalies that would be indicative of a well-developed MJO is observed to
precede the peak convection centered on 29 September 2010 (Figure 3.1). The convection
then organizes into a coherently eastward propagating signal that would be typical with
that of an MJO event. The MJO indices also show the development of the primary MJO
signal, albeit much more clearly in the OMI. The OMI shows that a coherent, sufficiently
strong eastward propagating convective signal is lacking in much of September that then
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develops into one that is more prominent towards the middle and tail-end of September.
Most of the RMMI signal preceding 29 September 2010 is incoherent and not resembling
a developed MJO until nearly one week later than the OMI in early October. The MJO
signal in the RMMI is not of sufficient strength to be considered a primary MJO event until
at least 2 October [Shoup et al., 2019] while the OMI signal has already been established.
The OMI, however, has been shown to capture the eastward propagating structure of the
MJO more clearly than the RMMI [Kiladis et al., 2014], which is supported here. Both
indices capture the convective signal on 29 September 2010, but the OMI, being strictly
derived by OLR, demonstrates a stronger and overall more apparent eastward propagating
pattern throughout the event’s lifetime. The OMI, however, cannot be applied to near realtime monitoring due to extensive pre-filtering that is not required in the RMMI [Kiladis et
al., 2014].
The primary event identified on 12 February 2015 exhibits a similar spatial pattern
to that of the 2010 event (Figure 3.2). The convective peak is observed over 75-90°E, much
like 29 September 2010, while preceded by incoherent intraseasonal OLR signals. The
convective peak then propagates eastward, where a clear alternating between negative
(enhanced convection) and positive (suppressed convection) is observed, thus
demonstrating the alternating convective phases of the MJO. The RMMI in January
through the first week of February exhibits incoherent propagating that develops into clear
eastward propagating for mid- to late February and beyond through March. The RMMI
would suggest that the MJO signal for this event is not sufficient enough to be considered
a well-developed MJO event, let alone a primary MJO, until at least 3 March [Shoup et al.,
2019], which is nearly three weeks later that the signal evident in OLR and the OMI. The
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OMI captures this primary MJO event more clearly than the RMMI by exhibiting a more
coherent sense of eastward propagation pre- and post-initiation, suggesting that the OMI is
more effective at capturing the convective signal relative to MJO initiation than the RMMI
[Kiladis et al., 2014]. Overall, the OMI has exhibited a stronger ability to capture coherent
MJO eastward propagation for the two primary MJO events and remains the more reliable
of the two in monitoring MJO variability, although the RMMI still provides accurate broadscale indications MJO propagation [Kiladis et al., 2014].
3.3.2 Oceanic and Atmospheric Precursor Signals
3.3.2.1 Composite Phase Analysis
In this section, we explore intraseasonal signals in oceanic and atmospheric
parameters alike and attribute their effects to the initiation of the two primary MJO events
identified. In addition, the precursor signals for both primary MJO events are compared for
possible spatiotemporal differences in conditions conducive to convective initiation of the
MJO.
Composite phase analysis of the MJO shows distinct oceanic patterns relative to
MJO initiation and propagation (Figure 3.3). While the OMI is better at capturing the
convective signal of the MJO, the RMMI is still effective at capturing broad scale MJO
variability [Kiladis et al., 2014] and is thus appropriate for general spatial phase
composites. Starting around the previous phase 3 and 4, an equatorial Kelvin wave (EKW)
is seen to propagate eastward as positive SSHA and OHCA consistent with that of Webber
et al. [2010]. The EKW then continues to propagate eastward and reflects off the Maritime
Continent starting at phase 5, which then leads to the formation of oceanic downwelling
equatorial Rossby waves (ERW) that propagate westward. The ERWs can be seen more
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dominantly during the MJO phases centralized over the Indian Ocean (phase 1 and 2) as
positive SSHA and OHCA. The initiation of primary MJO events over the Indian Ocean
has been observed to be preceded by the arrival of ERWs [Webber et al., 2012; Rydbeck
et al., 2017], and Figure 3.3 supports that notion. Figure 3.3 shows a clear sign of ERW
propagation over the Indian Ocean before convection peaks over the Indian Ocean in not
only high SSHA but also high OHCA. SST does not appear to exhibit a coherent
propagation throughout the eight phases of the MJO, although it can be observed that the
Indian Ocean is significantly warmer in phases 7 and 8. This suggests that the effects of
high SST precede those of the ERWs, although the SST influence relative to primary MJO
initiation may be stochastic and unpredictable along the path of ERW propagation [Webber
et al., 2012]. The surface Indian Ocean has been previously observed to warm preceding
MJO convection onset [Rydbeck et al., 2017], although basin wide statistical significance
is low [Ling et al., 2013], suggesting that it may be less discernible.
3.3.2.2 Rossby Waves
The arrival of westward propagating ERWs can be observed in Figure 3.4 as
positive ADTA, where the latitudes of 4°S and 4°N were chosen as the center of the
reflected ERW based on the Rossby radius of deformation of 4-5° of latitude [Chelton et
al., 2003], consisting of northern and southern halves that propagate simultaneously across
the equatorial Indian Ocean.
A clear ERW can be observed to propagate along 4°S in 2015 leading up to the
initiation of the 2015 primary MJO with an estimated speed of 0.98 m/s (33° of longitude,
67-100°E, covered over 43 days leading up to 12 February). This estimated phase speed is
relatively high but within the realm of possibility for Rossby wave phase speed at this
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latitude [Chelton et al., 1998]. While not as pronounced as the ERW at 4°S, a paired ERW
at 4°N is observed at the same time and along the same path as its 4°S counterpart.
A pair of ERWs are observed in 2010, like those in 2015, with their arrivals
coinciding with the development of the primary MJO event (Figure 3.4). The phase speed
for these ERWs is estimated at 0.66 m/s (23° of longitude, 48-71°E, covered over 45 days
leading up to 29 September 2010), which is consistent with possible ERW phase speeds at
this latitude [Chelton et al., 1998]. The western half of the Indian Ocean must sense the
arrival of the ERW in order for the initiation contribution of ERWs to be considered, thus
longitudes up to 75°E are considered when analyzing ocean and atmospheric parameters
conducive to initiation [Webber et al., 2012]. Both of the primary MJO events presented
experience the arrival of ERWs over this region leading up to the convective peaks. As
such, we spliced the western Indian Ocean (40-75°E) into three boxes (40-50°E, 52.562.5°E, and 65-75°E) over 10°S-10°N, as indicated by the black boxes in Figure 3.3, to
further examine initiation conditions over more localized regions.
3.3.2.3 Intraseasonal Oceanic Parameters
Noticeable intraseasonal increases in SSHA, SSTA, and OHCA are present prior to
the initiation of the 2010 primary MJO. SSHA in 2010 peaks over 65-75°E just prior to 29
September. The 40-50°E and 52.5-62.5°E boxes do not explicitly peak right before the
convective peak on 29 September but rather exhibit an upward trend of SSHA during that
preceding time, thus suggesting that SSH was on the rise due to the influence of ERWs.
The most notable signal is that of the SSHA and OHCA for 65-75°E, where significant
increases in both are present upwards of seven to ten days before the convective peak on
29 September. The ADT signal of Figure 3.S1 shows a similar one to that of SSHA in
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Figure 3.5, but more so over the 65-75°E box. High SSTA further precedes the peaks in
SSHA and OHCA by about ten days, thus supporting the broad scale result in Figure 3.3
that SSTA peaks in the phase prior to SSHA and OHCA (Figure 3.6). SSTA from AVHRR
is consistent in timing and general amplitude with CFS over all three boxes. SSTA from
GHRSST exhibits a similar pattern preceding the event that AVHRR and CFS does, but
the signal after 29 September remains negative rather than the observed positive peaks in
AVHRR and CFS. SST from the AVHRR product used, however, is cloud contaminated
whereas the GHRSST product, being blended in design, parameterizes cloud
contamination and may indicate a more accurate intraseasonal SST signal. The MJO
produced in CFS, however, is also not realistic [Raymond & Fuchs, 2009], which may lead
to inherently inaccurate CFS precursor signals. Regardless, positive SSTA peaks are
observed preceding the event in all three products, indicating a sense of pre-initiation
consistency.
The primary MJO of 2015 was preceded by a more prominently positive ADTA
than the SSHA of 2010 (Figure 3.7), although the deviation from CFS to CMEMS may be
attributable to such a difference. Regardless, an increase in the sea level is observed one
week prior to the convective peak on 12 February over the 65-75°E box, but the SSTA
signal in this same region is not as evident in Figure 3.7. The cloud contamination in the
AVHRR SST product may mask the expected SST signal preceding MJO initiation.
GHRSST, however, having more extensive cloud processing, does not seem to make up
for those possible shortcomings of AVHRR. The effects of SST may also simply be less
predictable along the same path of ERW propagation but are consistent with surface flux
forcing as opposed to dynamic forcing [Webber et al., 2012], although SST has already
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proven its worth in contributing to MJO propagation [Arnold et al., 2013]. An increase in
SST is nevertheless observed at and before the convective peak on 12 February in the 4050°E and 52.5-62.5°E boxes. This suggests that SST may have influenced convective
growth related to the MJO but in a lesser manner through upstream air-sea interaction. It
is possible, however, that SST was still sufficiently high enough to contribute to convective
initiation despite low SSTA or that SST carried less of an influence on the initiation of the
2015 primary MJO.
3.3.2.4 Atmospheric Moisture Anomalies
When observing the lower atmosphere, the 850 hPa level is seen to exhibit distinct
increases in MFC prior to MJO initiation that transitions into negative values during and
after the MJO has propagated through (Figure 3.8). Total MFC peaks in all three boxes
prior to the initiation of the 2010 event, showing that the lower troposphere and
atmospheric boundary layer was moistening prior to the convective initiation over the
broad western Indian Ocean basin with a discharge in moisture during and after the passing
of the primary MJO events [Wang, 1988]. The strongest moistening is observed over 6575°E, which coincides with the strong peaks of SSHA, SSTA, and OHCA observed in
Figures 3.5 and 3.6. The combined effects of ocean warming and low level moistening
preceding the 2010 primary MJO would act to destabilize the lower atmosphere in a
manner such that convection is favorable. The 2015 primary MJO event is not preceded by
as strong of a broad scale signal in MFC as that of 2010 but exhibits a peak in the 40-50°E
box that precedes the signal in ADT. This suggests that the lower atmosphere moistening
may have played a more prominent role in contributing to the initiation of this MJO event
than the oceanic signal, although an oceanic signal is still present and should not be
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discounted. The convergence term dominates the total MFC signal at the same time. High
SST anomalies are also observed around the same peaks of MFC and force lower
atmospheric convergence [Marshall et al., 2008], thus indicating that low-level moisture
convergence is sufficiently preconditioning the lower troposphere for deep convection.
The buildup and discharge of moisture in the atmosphere can be further observed
in Figure 3.9 and 3.10 for the 2010 and 2015 primary MJO events, respectively. For the
2010 primary MJO, a weak low level positive moist static energy anomaly (MSEA) is
present 25 days prior to the convective peak in the 52.5-62.5°E and 65-75°E boxes
primarily below 800 hPa. The low level positive MSEA would be conducive to shallow
convection that then can vertically transport MSE to the upper levels [Kemball-Cook &
Weare, 2001]. This shows that significant atmospheric moistening was preceding the
convective initiation of the primary MJO event, thus conditioning the atmosphere to deep
convective instability. Additionally, mid-tropospheric cooling is observed as negative CpT
anomalies at this same time, where mid-tropospheric cooling would supplement the
moisture increase to further destabilize the atmosphere and allow for deeper convection to
take place, essentially priming the atmosphere for MJO convective initiation. Moisture then
immediately begins to discharge, as observed in decreasing Lvq anomalies, during and after
the primary MJO propagates past the region, signifying that strong convection has
precipitated out much of the available moisture [Kemball-Cook & Weare, 2001; Sobel et
al., 2014].
Similar pre-initiation conditions in the vertical MSE components (Figure 3.10) can
be observed for the 2015 primary MJO event as in the 2010 primary MJO. Lower
tropospheric moistening is observed in the 52.5-62.5°E and 65-75°E boxes that quickly

48

transitions into a deep column of enhanced moisture content extending to upwards of 300
hPa. The moistening is accompanied by mid-tropospheric cooling, thus deep column
destabilization is present and a primed area for MJO convective initiation has developed.
Examining the ocean temperature profile with depth shows a less intuitive, yet still
present, relationship between ocean warming and MSE. A deep ocean warming signal
would be indicative of an overall anomalous increase in OHC associated with the arrival
of an ERW, which would act to inhibit cold-water entrainment from below [McCreary,
1983] and prime the region for convective growth by acting as a convective fuel source
through anomalous air-sea interaction. Figure 3.11 shows the full MSEA (as in equation 4)
profile coupled with ocean potential temperature with depth from CFS for 2010. While the
warming of SST does lead to increases in MSE [Arnold et al., 2013], this relationship is
not as apparent for the conditions preceding the 2010 primary MJO based on Figure 3.11.
OHCA is, however, observed to peak preceding the 2010 primary MJO event in Figure 3.5,
which coincides with the warming observed most notably in the 65-75°E box extending
300 m deep (Figure 3.11). The deep warming in 2010 preceded the high MSE signal,
suggesting that the ocean was priming the region for deep convection prior to the
atmospheric signal becoming established. Deep ocean warming is also observed during
2015, albeit more prominently 65-75°E box (Figure 3.12), which suggests that this region
was amplifying the MSE signal through anomalously high OHC similarly to that of the
signal preceding the 2010 event. The warming of this region extends upwards of 1 km deep
with the strongest anomalies (> +0.2°C) as deep as 250 m. The timing of this deep warming
roughly coincides with the observed ADT signal in Figure 3.7. An increase in sea level
would be indicative of a deepening of the thermocline, increasing SST, and an overall
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increase in OHC that can aid in convective initiation of the MJO [Webber et al., 2010,
2012; Shinoda et al., 2013; Jensen et al., 2015].
Integrating MSEA throughout the column from the surface (1000 hPa) to 200 hPa
(Figure 3.13) shows that both primary MJO events are preceded by spikes in MSE that
discharges during and after the events’ propagation. Integrated MSEA in 2015 shows a
significantly higher value pre-event then in 2010, which is likely the product of higher
intraseasonal SSTA, which directly influences the MSE profile [Arnold et al., 2013].
Integrated MSEA shows that the strongest peak is observed in the 65-75°E box for both
events, which compliments Figures 3.11 and 3.12, thus further supporting convective
initiation over this region for both events.
3.3.3 Existing ENSO and IOD Conditions
The IOD and ENSO can influence the Indian Ocean, and thus the MJO, in
prominent ways. The IOD has been shown to heavily influence the Indian Monsoon System
through anomalous surface fluxes attributable to changes in SST across the basin [Ashok
et al., 2001]. Evidence also suggests that the IOD MJO activity, namely propagation
strength, is enhanced during a negative IOD phase over the Maritime Continent and Indian
Ocean but suppressed during a positive IOD event [Wilson et al., 2013].
The DMI preceding the 2010 primary event was sufficiently negative from
September through November indicating the presence of a negative IOD phase (Figure
3.14). The negative IOD conditions of 2010 would act to enhance convective activity over
the Maritime Continent, which can be observed in Figure 3.1 as peak negative OLR
anomalies persisting around this region. The IOD in 2010, however, was steadily
increasing to a more positive value, so it is possible that the effects of a sufficiently
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developed negative IOD are masked by this gradual transition to IOD neutral conditions.
The primary MJO event of 2015 maintains a negative DMI value, but its value is not
sufficient to be considered a well-developed negative IOD event. Conditions at the time
are thus considered IOD neutral since the DMI value surrounding the primary MJO event’s
initiation was within the 1 standard deviation threshold [Saji et al., 1999]. The OLR
anomalies and MJO index phase diagrams of Figure 3.2 show that sufficiently strong MJO
signals are maintained over this region, which is to be expected from the Maritime
Continent region maintaining naturally warmer waters then the western Indian Ocean on
average due to the presence of the Indo-Pacific Warm Pool.
The 2010 primary MJO is concurrent with strong negative values in the ONI
indicative with a strong La Niña event. The western Pacific exhibits a strong convective
MJO propagation (Figure 3.1) over the Maritime Continent and Indo-Pacific Warm Pool
region, thus the warm waters of the western Pacific Ocean would act to maintain this
convection. The convection of the 2010 primary MJO decays leading into late October and
November of 2010, which coincides with strong La Niña conditions over the Pacific Ocean.
The anomalous cold waters of the eastern Pacific Ocean would act to suppress convective
growth associated with the MJO, which can be seen as the negative OLR anomalies across
the propagation path in Figure 3.1 weaken and turn positive approaching the international
date line before dissipating over the central and eastern Pacific Ocean. The anomalous
upwelling along the eastern Pacific Ocean due to the strong La Niña would act to
continually suppress MJO convection by a shallowing of the thermocline that would reduce
OHC and, respectively, convective activity. In addition, the strong La Niña would enhance
the trade winds and suppress equatorial Kelvin waves (EKWs) from transporting warm
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waters to the eastern Pacific, effectively cutting off the warm SST fuel supply for MJO
convection.
2015 was a remarkable year for ENSO, as the 2015/2016 El Niño was one of the
strongest events on record, similar to that of the 1982/1983 and 1997/1998 events [Santoso
et al., 2017]. Relative to the 2015 primary MJO, however, the ENSO signal is less
profound. The ONI at the time surpasses the 0.5°C threshold to be considered an El Niño
event when this primary MJO initiates. The convective signal propagating over the
equatorial Pacific Ocean was accompanied by increasingly stronger El Niño conditions,
which would act to maintain convection over this region. Interestingly, it has been proposed
that this primary MJO event in question actually influenced the onset of the 2015/2016 El
Niño by exciting westerly wind bursts that force downwelling Kelvin waves in early March
over the western Pacific [Hong et al., 2017]. Figure 3.2 shows that the MJO and its
convective signal was, in fact, present over the western Pacific Ocean and Maritime
Continent during this time. Additionally, the convective signal in Figure 3.2 projects across
the Pacific Ocean to the international date line and beyond quite strongly, where the
negative OLR band recirculates back across the Indian and Pacific oceans for a persistent,
clear circumnavigating MJO signal that remains strong in both the RMMI and OMI. The
RMMI and OMI support this, as the indices’ values are consistently of sufficient strength
and of continual eastward propagation (counterclockwise rotation around the phase
diagram). The RMMI experiences a peak amplitude of 4.62 over the Pacific Ocean on 16
March 2015, which coincides with sufficiently strong El Niño conditions in the ONI. This
suggests that the predominant El Niño conditions may have contributed to the strong,
persistent propagation across the Pacific Ocean and beyond where the MJO would typically
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begin to weaken due to strong thermocline deepening induced during El Niño conditions,
which would suppress upwelling and therefore increase OHC and convective activity
accordingly. The Indo-Pacific Warm Pool plays a crucial role in global climate [De
Deckker, 2016] and ENSO dynamics [Picaut et al., 1994], and the weakening of the trade
winds over the western Pacific Ocean would allow for EKWs to excite and transport IndoPacific Warm Pool waters to the central and eastern Pacific Ocean that the MJO could then
utilize as fuel for deep convection.
3.4 Conclusions
Synchronously examining oceanic and atmospheric parameters is crucial for
understanding a more complete picture of MJO initiation over the Indian Ocean region, as
preconditioning signals are apparent in both. In this study, we examined two primary MJO
event case studies and the precursor signals in both the atmosphere and ocean in order to
understand how the two relate to each other in the initiation process. Intraseasonal signals
of SST, SSH and ADT, OHC, MFC, and MSE were examined as coupled air-sea variables
relative to MJO initiation.
It can be observed that these isolated, primary MJO events are preceded by coupled
signals in both the atmosphere and ocean simultaneously. The western and central Indian
Ocean region exhibits an intraseasonal increase in SST, SSH, and OHC prior to the onset
of peak convection. The warming of the upper ocean destabilizes the lower atmosphere by
warming and moistening the near-surface air. Additionally, an intraseasonal increase in
MFC is observed to occur before both primary MJO events, which affirms that primary
MJO events are preceded by lower tropospheric moistening. The pre-initiation Indian
Ocean also experiences a distinct increase in total column moisture and MSE coupled with
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mid-tropospheric cooling, which further destabilizes the region such that convective
initiation is favored over this region. Intraseasonal signals of SST and ocean warming
precede the convective peak of the primary MJO events, although the results suggest that
the influence of increasing SST may not be as predictable pre-initiation as OHC or SSH.
Signals of deeper ocean warming and integrated OHC are also present and may contribute
to the increase in column MSE and thus convective initiation. The phases of the IOD and
ENSO have also shown to contribute to the propagation of the MJO convective signal over
the eastern Indian and Pacific Ocean via their respective effects to SST.
A distinct intraseasonal coupling of the ocean and atmosphere is observed, where
ocean warming and boundary layer moisture intrusion moistens and destabilizes the lower
atmosphere and preconditions the Indian Ocean region for deep convection. Over 1 billion
people in India are affected yearly by the Indian monsoon, which is known to be influenced
by the MJO. In addition, the MJO can even affect Atlantic [Klotzbach, 2010] and Pacific
Ocean tropical cyclones [Sobel & Maloney, 2000], ocean currents [Mysak & Mertz, 1984]
and biology [Resplandy et al., 2009], and even atmospheric aerosols [Langley DeWitt et
al., 2013]. As such a highly coupled phenomenon, it becomes increasingly important to
monitor the MJO by considering both the ocean and atmosphere simultaneously such that
prediction efforts can improve based on air-sea preconditioning signals. These results show
that preconditioning signals in both the ocean and atmosphere can be observed primarily
one to two weeks before the convective peak, suggesting that if these signals are observed
in advance that an MJO event may be predictable.
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Figure 3.1: (a) 20- to 100-day filtered latitudinally averaged (10°S - 10°N) Hovmöller
diagram of OLR anomalies (W m-2) with (b) RMMI (left) and OMI (right) phase diagrams
relative to the 29 September 2010 primary MJO initiation. The black dashed line in (a)
denotes 29 September. The solid (dashed) circles in (b) denote amplitude 1.0 (0.8) in the
RMMI and OMI.
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Figure 3.2: As in Figure 3.1 but for January through May of 2015. The black dashed line
denotes 12 February 2015. The solid (dashed) circles in (b) denote amplitude 1.0 (0.8) in
the RMMI and OMI.
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Figure 3.3: MJO phase composite of (left) sea surface height (cm), (middle) sea surface
temperature (°C), and (right) ocean heat content (gigajoules [´109 joules] m-2) anomalies
(SSHA, SSTA, OHCA) from CFS. MJO phase numbers are indicated between the subplot
panels. The black boxes represent 40-50°E, 52.5-62.5°E, and 65-75°E over 10°S-10°N.
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Figure 3.4: CMEMS ADT anomaly (ADTA, cm) at (a,c) 4°N for (a) 2015 and (b) 2010,
and at (b,d) 4°S for (b) 2015 and (d) 2010. The black dashed line denotes 29 September
2010 and 12 February 2015, respectively. The solid black line denotes the westward
propagation of oceanic equatorial Rossby waves (ERWs).
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Figure 3.S1: 20- to 100-day filtered box averaged CMEMS ADT anomaly (ADTA; cm)
for 2010. The red dashed line denotes 29 September.
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Figure 3.5: 20- to 100-day filtered box averaged CFS (a) sea surface height, (b) sea surface
temperature, and (c) ocean heat content anomalies (SSHA, cm; SSTA, °C; OHCA,
gigajoules m-2) for 2010. The red dashed line denotes 29 September.
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Figure 3.6: As in Figure 3.5 but for filtered (a) AVHRR SSTA (°C) and (b) GHRSST
SSTA (°C). The red dashed line denotes 29 September 2010.
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Figure 3.7: 20- to 100-day filtered box averaged CMEMS (a) absolute dynamic
topography anomaly (ADTA, cm), (b) AVHRR SSTA (°C), and (c) GHRSST SSTA (°C)
for 2015. The magenta dashed line denotes 12 February.
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Figure 3.8: 20- to 100-day filtered box anomalies of moisture flux convergence (MFC) at
the 850 hPa level (´10-5 g kg-1 s-1) for (left) 2010 and (right) 2015. The red (magenta)
dashed line denotes 29 September 2010 (12 February 2015).
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Figure 3.9: Box averaged vertical distribution of MSEA (J kg-1) terms (CpT, left; Lvq,
right) for 2010. Positive (negative) values are shaded (non-shaded) grey in solid (dashed)
contours. The red dashed line denotes 29 September. The zero-contour is omitted, and the
contour interval is 250 J kg-1. The pressure axis is log10-scaled since atmospheric pressure
is not linear with altitude.
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Figure 3.10: As in Figure 3.9 but for 2015. The magenta dashed line denotes 12 February.
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Figure 3.11: (Top) Vertical distribution of filtered MSEA (250 J kg-1) and (bottom) filtered
potential temperature anomaly (CFS; °C; K) with depth for (a) 40-50°E, (b) 52.5-62.5°E,
and (c) 65-75°E averaged over 10°S-10°N from 1000-200 hPa and 0-500 m depth for 2010.
Solid and filled (dashed, empty) contours are positive (negative) anomalies. The red dashed
line denotes 29 September. The pressure axis is log10-scaled as atmospheric pressure is not
linear with altitude.

66

Figure 3.12: As in Figure 3.11 but from 0-1000 m depth using GLORYS12V1 potential
temperature for January through March 2015. The magenta dashed line denotes 12
February.

67

Figure 3.13: 20- to 100-day filtered box averaged vertically integrated, mass weighted
moist static energy anomalies (MSEA; megajoules [´106 joules] m-2) for (a) 2010 and (b)
2015. The red (magenta) dashed line denotes 29 September 2010 (12 February 2015).
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Figure 3.14: (a) DMI (blue) and ONI (red) reference regions. (b) Monthly ONI (ref, right
axis) and 100-day smoothed DMI (blue, left axis) for 2009 through 2011. The black solid
lines denote the ±0.5°C threshold for ENSO events. The green dashed lines denote ±1
standard deviation threshold in the DMI (~ ± 0.4°C). (c) As in (b) but for 2015 through
2016. The red (magenta) dashed lines denote 29 September 2010 (12 February 2015).
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Chapter 4
CONCLUSIONS AND FUTURE WORK
4.1 Conclusions
As a highly coupled air-sea phenomenon, the MJO has been shown to influence
and be influenced by the surface ocean quite substantially. In terms of the MJO’s effects,
satellites have proven useful in monitoring the intraseasonal SSS response to MJO
precipitation. In fact, all available satellite salinity missions proved capable of detecting an
intraseasonal response in SSS. Not all satellite-derived salinity products, however, remain
equal. Satellite-derived salinity products with enhanced processing algorithms, such as the
combined active passive (CAP) algorithm, exhibited a stronger intraseasonal signal than
their non-CAP counterparts. This was observed in Aquarius and SMAP salinity products
alike. The SMOS salinity products are processed with a separate set of algorithms and nearland RFI parameterizations different than that of Aquarius and SMAP. Regardless, the
enhanced processing of the most recent SMOS product has proven to provide the strongest
intraseasonal signal of all satellite salinity missions at ± 0.2 psu. The SMAP products
maintain a similar order of magnitude to that of SMOS while the intraseasonal signal from
the Aquarius products consistently remained the lowest at ± 0.1 psu. While its intraseasonal
signal is not as strong as SMOS overall, the SMAP-CAP and Aquarius-CAP products have
shown the effect that enhanced processing algorithms has on detecting intraseasonal SSS
signals. Because of the direct response to convection and precipitation associated with the
MJO, salinity is the easiest way to monitor the ocean response from strong atmospheric
forcing. SSS is also a component of SSH, along with SST, and may indirectly contribute
to dynamic ocean forcing of the MJO, thus an MJO event may lower SSS that then initiates
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a feedback mechanism that alters the SSH and thus kickstarts, or contributes to, another
MJO event. As technology advances into the future and parameterization of signal
attenuation improves so can the expected SSS signal response associated with the MJO.
Oceanic and atmospheric signals preceding primary MJO initiation have also been
explored. Since the MJO is highly coupled, it becomes increasingly important to monitor
both the ocean and atmosphere simultaneously for possible triggers of MJO convection.
Two primary MJO events were examined from 2010 and 2015 in Chapter 3. Both of these
primary MJOs were preceded by the arrival of downwelling equatorial Rossby waves
(ERWs). The arrival of the ERWs coincides with an increase in SSH and OHC that
contributes to MJO convective initiation. The western and central Indian Ocean region (4075°E) demonstrates a distinct increase in SST, SSH/ADT, and OHC before convection has
peaked, suggesting that the ocean had some influence on air-sea feedback conducive to
MJO initiation by destabilizing the near-surface layer. Lower atmospheric moistening and
warming is induced by the near-surface ocean warming, which destabilizes the atmosphere.
Synchronously, lower-tropospheric moisture flux convergence peaks and acts to moisten
the lower-atmosphere such that shallow convection can initiate, where shallow convection
then leads to the formation of deep convection. The column moistening conducive to MJO
initiation can be further seen as an increase in total column moist static energy (MSE) that
couples with mid- to upper-tropospheric cooling, which further destabilizes the atmosphere
to deep convection such that convective initiation of the MJO would be favored under
positive anomalies of MSE. The propagation pattern of the MJO has also been shown to
be impacted by the phases of the El Niño Southern Oscillation (ENSO) and the Indian
Ocean Dipole (IOD) through their associated SST patterns. The El Niño of 2015 positively
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affected the identified primary MJO for that year by strengthening the eastward
propagating negative OLR anomaly that would be associated with a well-developed MJO
event. Conversely, the La Niña conditions of 2010 destructively affected the 2010 primary
MJO identified by weakening the convective signal over the central and eastern Pacific
Ocean. The IOD conditions of 2015, however, were relatively neutral but aided in
maintaining stronger convection over the Maritime Continent region, which would
normally act to weaken the MJO as it propagates through. The negative IOD phase of 2010
acted similarly to that of the neutral phase in 2015 by maintaining a persistent, coherent
eastward propagating negative OLR anomaly due to the anomalously warmer waters over
the eastern Indian Ocean/Maritime Continent region. Oceanic and atmospheric
preconditioning signals may prove useful in the future for MJO forecasts and modeling
efforts once modeling and satellite-derived methods improve even more-so than the present
stage.
4.2 Future Work
While the results presented here do provide some valuable insight into MJO
propagation and initiation, there is room for improvement and applicability for future
studies. As a component of sea surface height, it is possible that salinity plays a role in
modulating the ocean mixed layer. As a result, MJO precipitation that reduces ocean
salinity may indirectly play a role in the development of future MJO events. The use of
satellite-derived sea surface salinity would prove invaluable in determining the possible
interrelation of salinity and mixed layer growth over the tropical Indian Ocean. As such,
future studies on the possible influence of MJO-induced salinity variability and mixedlayer growth are warranted. Freshening from MJO precipitation may also induce a barrier
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layer, which can constructively contribute to further MJO growth and development by
inhibiting vertical entrainment of cold subsurface waters. In addition, the initiation of the
MJO still remains a mystery in many regards. Oceanic and atmospheric preconditioning
signals, while shown to be interrelated, still remain topics of debate as to which contributes
most to overall MJO convective initiation. The constant feedback loop of air-sea interaction
makes it more difficult to discern which effects are dominant relative to one another, not
to mention the inherent rarity of primary MJO events. What this does do, however, is open
the door for more comprehensive future studies that utilize additional oceanic and
atmospheric variables simultaneously in a manner such that more extensive air-sea-coupled
relationships can supplement the observed relationships presented here. This includes
expanding upon previous studies with updated data from satellites and model output alike.
Primary MJO events are inherently rare by definition. As such, studying them can prove
difficult when pinpointing initiating factors, especially when attempting to discover
possible ENSO and IOD influence. Identifying primary MJO events that occur over all
possible combinations of ENSO and IOD phases over their respective regions of influence
is difficult for single primary MJO events due to their rarity let alone composite analysis.
As time passes and technology advances, however, these comparisons will be more easily
explorable when combinations of ENSO and IOD phases with primary MJO events are
more abundantly observed in the future.
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